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Abstract
In this study we examined the perception of one- and two-dimensional patterns across central retinal scotomas, caused by age-
related macular degeneration. In contrast with previous studies of disrupted visual input that used the blind spot and artiﬁcial
scotomas, the current study used large central scotomas caused by physical retinal damage. Such damage is associated with atrophy
and long-term cortical reorganization, and it was therefore unclear whether perceptual completion in the damaged system will be
similar to that reported for artiﬁcial scotomas and the blind spot. In addition, the scotomas under study were much larger and more
central than artiﬁcial scotomas for which perceptual completion has been reported. For 1-D line and grating patterns, we found
perceptual completion across large central scotomas (up to radius of 7), which is signiﬁcantly beyond the range of perceptual
completion in artiﬁcial scotomas. Gratings completion was better than that of a single line, and increased with bars density. The use
of central scotomas allowed us to test the completion of 2-D patterns that are diﬃcult to study in peripheral vision. We found
completion of two-dimensional dot arrays over large regions that improved with pattern density and regularity. The results show
that in the physically damaged system the range of perceptual completion is increased compared with artiﬁcial scotomas, they
strongly support the view of an active ﬁlling-in process rather than simply ignoring the damaged location, and they show that
perceptual completion of physical scotomas is likely to involve cortical processing at multiple levels. We ﬁnally discuss implications
of the results to the possible use of image enhancement techniques to facilitate the perception of low-vision individuals.
 2003 Elsevier Science Ltd. All rights reserved.
Keywords: Filling-in; Retinal scotoma; Density; Regularity; Cortical mechanism
1. Goals of the study
The goal of this study was to test perceptual com-
pletion of diﬀerent types of patterns across large and
central retinal scotomas, caused by retinal damage in
age-related macular degeneration (AMD) patients. (We
will use here ‘‘scotomas’’ rather than scotomata.) In-
formal observations suggest that patients with large
retinal scotomas continue to perceive the visual world as
uninterrupted, suggesting the possible completion of the
damaged regions by perceptual ﬁlling-in processes.
However, there are two main problems with this inter-
pretation. First, under unrestricted viewing, the per-
ception of uninterrupted input could rely on scanning
eye movements. Second, it is not clear that the missing
input is in fact ﬁlled-in. An alternative hypothesis relies
on the notion of ignoring rather than active ﬁlling-in.
According to this view, the regions of missing input are
ignored and remain unnoticed. A better understanding
of the perceptual processes associated with regions of
damaged retina will have three beneﬁts. First, it can lead
to a better understanding of general mechanisms in the
visual system, in particular, related to lateral interac-
tions and context eﬀects. Second, it is known that retinal
damage induces long-term cortical changes. The study
of perceptual eﬀects associated with retinal damage is
important for understanding the mechanisms and
function of this reorganization, and can have general
implications to the study of plasticity and learning in the
visual system. Third, if active ﬁlling-in mechanisms are
implicated, the possibility arises of devising visual en-
hancement techniques that will improve the visibility of
input patterns for visually impaired individuals by
making the patterns easier to ﬁll-in eﬀectively.
Previous studies have examined perceptual ﬁlling-in
across disrupted visual input. However, in contrast with
the present study that used large central scotomas
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caused by physical retinal damage, past studies focused
on the blind spot, and the use of artiﬁcial scotomas that
were relatively small and placed outside the foveal re-
gion (see Section 2). There are several reasons why these
studies are insuﬃcient for drawing conclusions regard-
ing perceptual completion in the physically damaged
retina. The use of the blind spot to study ﬁlling-in across
retinal region has two main limitations. First, since the
blind spot is an anatomical feature of the normal visual
system, the system may incorporate speciﬁc mechanisms
that do not operate at other locations. It is known, for
example, that the blind spot region has a special ana-
tomical arrangement in the LGN of monkeys and other
mammalian species (Kaas, Guillery, & Allman, 1972;
Lee & Malpeli, 1994). Second, compared with the
scotomas in the present study, the blind spot is relatively
small (radius of about 2.5 of visual angle), and located
peripherally (about 15 in the nasal direction), where
vision is more limited compared with foveal vision. The
use of artiﬁcial scotomas also has limited applicability to
the study of the physically damaged retina. Retinal
damage is associated with atrophy and long-term cor-
tical reorganization (Gilbert & Wiesel, 1992), and it is
therefore unclear whether perceptual completion re-
ported for artiﬁcial scotomas will also be eﬀective in the
damaged system. In addition, artiﬁcial scotomas cannot
be ﬁlled-in at the center of the visual ﬁeld, and therefore
the artiﬁcial scotomas in past studies excluded the foveal
region, and were signiﬁcantly smaller than the physical
scotomas used in the present study (see Section 2). This
limitation has two main implications in relation to the
present study. First, it leaves open the question of ﬁlling-
in processes in the foveal and near-foveal regions. Sec-
ond, the use of central scotomas allowed us to test the
completion of relatively complex 2-D patterns (such as
dot arrays) that are diﬃcult to study in peripheral vi-
sion. Finally, to explore the possibility of visual en-
hancement techniques for the visually impaired, it is
clearly advantageous to study directly perceptual eﬀects
associated with the physically damaged retina. For this
purpose, we used in the current study patients with
AMD, which is the most prevalent low-vision disease
inducing central retinal scotomas. An example of AMD
retinal scotoma is shown in Fig. 1.
2. Review of related studies
Past related studies can be classiﬁed according to the
type of the input disruption (the blind spot, artiﬁcial
scotomas, retinal disruption) and the type of the visual
stimuli employed. In terms of visual stimuli, the main
distinction is between simple stimuli, such as uniform
regions, edges, and single bars––also called ‘‘brightness
stimuli’’ (Paradiso & Nakayama, 1991), and more
complex patterns and shapes such as gratings, array of
dots, and two-dimensional textures (Caputo, 1998;
Motoyoshi, 1994, 1999). A classiﬁcation of the studies
according to the type of input disruption and the type of
visual stimuli is shown in Table 1.
The intensive investigation of the blind spot included
studies of static, dynamic and interocular eﬀects. Ra-
machadran (1992) demonstrated examples of the ﬁlling-
in of background color, bars, and geometric patterns at
the blind spot, and Brown and Thurmound (1993)
found that the ﬁlling-in process preserves the edge sep-
arating regions of opponent colors. Other studies have
shown that the ﬁlling-in of the blind spot in one eye can
inﬂuence the perception related to the other eye
(Murakami, 1995; Tripathy & Levi, 1994), that this
ﬁlling-in takes place early in perceptional processing
(Durgin et al., 1995), and that the ﬁlling-in at the blind
spot induces little or no distortion of the surrounding
region (Tripathy et al., 1996).
A small number of studies examined the perception of
more complex shapes and textured regions by stimuli
extending across the blind spot. Studies by Kawabata
(1982, 1984) showed that gratings, concentric circles and
dotted lines can be ﬁlled-in across the blind spot. Brown
and Thurmound (1993) studied the ﬁlling-in of texture
using dot patterns with average density of 0.4 dots/deg,
low degree of irregularity and uniform color. They
found evidence for complete ﬁlling-in of dot patterns of
diﬀerent colors. However, no study has tested system-
atically the dependence of the ﬁlling-in eﬀects on the
density, regularity, and other parameters of complex
patterns such as grating and two-dimensional dot pat-
terns.
Other studies of perceptual ﬁlling-in have used artiﬁ-
cial scotoma rather than the blind spot. Ramachadran
and Gregory (1991) have shown that an artiﬁcial sco-
toma subtending 1:5  1:5 at 6 eccentricity in a back-
ground of ﬂickering noise or ﬂickering gratings is
gradually ﬁlled-in after about 10 s. Brightness stimuli
were shown to be ﬁlled-in faster than texture stimuli,
Fig. 1. Retinal angiography image of AMD scotoma (light region with
dark spots), the lesion is in central vision, radius 7.
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and ﬂickering noise was ﬁlled-in faster than static noise
or uniform brightness (Spillmann & Kurtenbach, 1992).
To study spatial distortions around artiﬁcial scotomas,
Kapadia et al. (1994) used a three-line bisection task and
found that the apparent position of a short line segment
was biased toward the interior of the artiﬁcial scotomas.
De Weerd et al. (1998) found that the time it takes to ﬁll-
in artiﬁcial scotoma depends on the scotoma size, and
that there is an upper limit to the size for which artiﬁcial
scotoma can be ﬁlled-in at each eccentricity. Aftereﬀect
studies demonstrated that ﬁlled-in patterns in artiﬁcial
scotoma can induce aftereﬀects (Reich et al., 2000; Tyler
& Hardage, 1998). As in the blind spot studies, no study
has tested systematically the dependence of the ﬁlling-in
of artiﬁcial scotoma on the parameters of complex
patterns such as grating and two-dimensional dot pat-
terns.
A previous study that used a physically damaged
retina, which is the subject of the current study, was
performed by Craik (1966), who used a self-induced
retinal lesion created purposefully by a prolonged star-
ing at the sun. However, his study was based on infor-
mal self-reports and sensations. Gerrits and Timmerman
(1969) tested the ﬁlling-in of homogeneous color, color
edge, and a narrow slit in ﬁve patients with central ret-
inal scotomas. They reported ﬁlling-in of color and color
edges that occurred ‘‘instantaneously’’ with no afteref-
fect, in contrast with artiﬁcial scotomas. Schuchard
(1993, 1995) reported some cases of perceptual com-
pletion of lines in patients with central scotomas. He
found that reports on the missing segments and distor-
tions in the perception of a grid made of vertical and
horizontal lines were insuﬃcient to detect the macular
scotomas (Schuchard, 1993). He also found that the
completion of line drawings of letters partially covered
with central scotomas was dependent on whether the
patients knew that the line drawings represented letters
(Schuchard, 1995).
Physiological data relevant to the processing of retinal
disrupted input come mostly from cortical single cell
recordings in adult monkeys and cats. Eysel, Gonzalez-
Aguilar, and Mayer (1981) found that following a reti-
nal lesion in the cat, excitation at the LGN level spread
from surroundings cells to cells with receptive ﬁelds
inside the lesion region. Fiorani, Rosa, Gattass, and
Rocha-Miranda (1992) found that cells in V1 with a
receptive ﬁeld inside the blind spot of the contralateral
eye respond to bars longer than the blind spot diameter,
when the ipsilateral eye is closed and the bars are swept
across the blind spot. Gilbert and Wiesel (1992) found
that after inducing a retinal lesion, cells in monkey V1,
with receptive ﬁeld inside and outside the lesion near its
border, expanded their receptive ﬁeld within minutes.
Following several months, cells with receptive ﬁelds in-
side the lesion expanded and shifted their receptive ﬁeld
out of the lesion region. Gilbert (1993) suggested that
the circuitry responsible for this cortical plasticity may
include the modulation of horizontal connections in V1.
Using artiﬁcial rather than real scotoma, Pettet and
Gilbert (1992) found that cat V1 cells with a receptive
ﬁeld inside the scotoma underwent a 5-fold expansion
within 10 min. However, the cortical reorganization they
found in response to the exposure to artiﬁcial scotomas
was much less massive than the reorganization found by
Gilbert and Wiesel (1992) following retinal damage, and
it vanished quickly after the artiﬁcial scotoma disap-
peared. De Weerd, Gattass, Desimone, and Ungerleider
(1995) found that monkey V3 cells with receptive ﬁelds
inside an artiﬁcial scotoma surrounded by a texture
stimulus, retrieved their ﬁring rate following a brief
silence, to the original level. These ﬁndings show that the
compensation for the disrupted input can be traced at
levels higher than V1, and, given the sizes and stimuli
involved, they raise the possibility that the cortical
processes involved may implicate multiple levels.
2.1. The size and complexity of ﬁlled-in patterns
Two general issues examined in past studies that are
particularly pertinent to the current study are (1) the
Table 1
Previous studies of perceptual eﬀects associated with input disruption, classiﬁed according to the type of input disruption and the type of visual
stimuli used
Type of visual stimuli Type of input disruption
Blind spot Artiﬁcial scotoma Retinal scotomas
Brightness and simple shapes Ramachadran, 1992; Brown and
Thurmound, 1993; Tripathy and
Levi, 1994; Murakami, 1995;
Durgin, Tripathy, and Levi, 1995;
Tripathy, Levi, and Ogmen, 1996;
Ramachadran and Gregory, 1991;
Spillmann and Kurtenbach, 1992;
Kapadia, Gilbert, and Westhei-
mer, 1994;
Craik, 1966; Gerrits and Timmer-
man, 1969; Schuchard, 1993, 1995;
current paper
Texture and complex shapes Kawabata, 1982, 1984; Brown and
Thurmound, 1993
Ramachadran and Gregory, 1991;
Spillmann and Kurtenbach, 1992;
De Weerd, Desimone, and Un-
gerleider, 1998; Tyler and Har-
dage, 1998; Reich, Levi, and
Frishman, 2000
Current paper
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maximum size for which scotomas at diﬀerent eccen-
tricities can be ﬁlled-in, and (2) the complexity of the
patterns that are being ﬁlled-in. Regarding size, the
blind spot has a radius of 2.5 at about 15 eccentricity
and can be ﬁlled-in eﬀectively. Artiﬁcial scotomas have
an upper limit on the size that can be ﬁlled-in at each
eccentricity. The upper limit decreases with decreasing
eccentricity (De Weerd et al., 1998), and even small ar-
tiﬁcial scotomas cannot be ﬁlled-in at the center of the
visual ﬁeld (see also control test in Experiment 1, Section
4).
Regarding the complexity of ﬁlled-in patterns, studies
using the blind spot usually employed only simple
stimuli, partly because it proved diﬃcult to test complex
patterns at this relatively large eccentricity. All the blind
spot studies mentioned above, with the exception of
Kawabata (1982, 1984) and Brown and Thurmound
(1993), dealt only with the ﬁlling-in of brightness and
simple patterns. Studies of complex patterns in the blind
spot did not vary the patterns and did not provide sys-
tematic comparisons between the ﬁlling-in of complex
and simpler patterns. Regarding artiﬁcial scotomas, the
study of complex patterns was also limited since many
studies used scotomas at relatively large eccentricities,
where complex patterns are diﬃcult to evaluate. Al-
though more studies investigated the ﬁlling-in of com-
plex patterns in artiﬁcial scotomas compared with the
blind spot (see Table 1), as in the blind spot, previous
studies did not provide a systematic analysis of the ﬁll-
ing-in of complex patterns. In the current study we ex-
amined issues related to scotoma size and pattern
complexity in real scotomas. We found signiﬁcant dif-
ferences in size limitations between real and artiﬁcial
scotomas, and obtained systematic evidences regarding
the ﬁlling-in of complex patterns. The implications of
these diﬀerences and new ﬁndings are examined in the
ﬁnal discussion.
3. General methods
3.1. Subjects
The characteristics of the four patients, three men and
one woman, who participated in the experiments, ap-
pear in Table 2.
We employed AMD patients who had central ‘‘ma-
cular scar’’, which is a ﬁnal steady-state stage of the
disease. The retinal ﬁxation loci and scotomas were
mapped in advance. We used static screening (ﬂashes of
small dots at diﬀerent location with consistent size and
intensity) and kinetic screening (continuous line move-
ments of small dot with consistent size and intensity) to
map the scotoma regions, and we found that the patients
had scotomas with radii in the range of 5–7 with no
detectable residual vision inside the scotoma region. For
control purpose, all the stimuli were presented to three
students (control subjects) with intact vision in the same
way they were presented to the AMD patients. Control
subjects were males, age 26–34, and with 20/20 Snellen
visual acuity in each eye separately, and in both eyes
together.
3.2. Stimuli and experimental design
The stimuli were monocular and of short duration to
exclude the possibility of using undamaged retinal re-
gions. They were presented in a dark room by a high
intensity projector to obtain high contrast images. The
projector was a NEC MT810G with a 600 ANSI lumens
maximum light intensity, 200:1 contrast ratio, 800  600
dot resolution, and using back-projection. In all the
experiments we used black and white images (maximum
contrast) and the maximum contrast of the projector.
The projector was located 83 cm horizontally from the
screen, producing image size of 40 cm diagonally. With
this arrangement, the luminance of the entire image re-
mained uniform, with measured luminance (white) of
400 cd/m2 from the viewing side of the screen. The
subjects were seated close to the screen, viewing it from
a distance of 50 cm. They used one eye, their near-sight
eyeglasses, and their head was stabilized by a chin rest in
order to eliminate involuntary head movements. The
subjects were instructed to avoid eye movements and
ﬁxate on a ﬁxation target before each tested image was
ﬂashed. The ﬁxation target was framed by a peripheral
circle helping the subjects with severe central loss to
ﬁxate at the center of the circle.
3.3. Procedure
Prior to the experiments, we mapped the scotoma
region of each subject by screening the central ﬁeld with
static and kinetic micro-perimeters with a resolution of
under 1. The lack of residual vision was tested in two
ways. First by high-resolution (6 1) perimetry, second,
none of the subjects detected any pattern, such as the
disk presentation described in Section 4, when they were
presented entirely inside the scotoma region. Each sub-
ject was asked to ﬁxate on a slit lamps narrow beam,
enabling a pre-measurement of his/her retinal ﬁxation
locus. A computer controlled the test procedure. Using
the known scotoma region and the ﬁxation locus, the
test patterns were presented at controlled locations
relative to the scotoma in the visual ﬁeld. The sub-
jects reported their perception by responding to speciﬁc
questions, and sometimes by also drawing the perceived
patterns using computer-graphics software with high
magniﬁcation.
The images were ﬂashed during presentation for 400
ms to achieve eﬀective perception. This is somewhat
longer than the minimum presentation time used to
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preclude eye movements, but it was preferred because
presentation time of substantially less than 400 ms for
the presented patterns was sometimes ineﬀective for the
subjects with relatively large central scotoma and re-
quired a large number of repeated ﬂashes. Previous
studies have shown that the likelihood of more than a
single eﬀective ﬁxation occurring in AMD patients
within this time period is small: Dagnelie and Schuchard
(1992) showed, using patients tested by scanning laser
ophthalmoscope, that the probability of ﬁxation staying
within 0.25 or less during 400 ms is at least 75%. To
conﬁrm directly that the subjects did not make signiﬁ-
cant eye movements during the 400 ms ﬂashes they were
exposed to, we repeated Experiment 2 (Section 5) below
while having an observer monitoring and reporting any
observed eye movement during each trial. We ﬁrst ver-
iﬁed that the observer could detect with high probability
eye movements of 0.76 or less in our setup, and then
tested all four subjects that participated in the study. No
observed eye movements were reported in any of the
trials, showing that eﬀective eye movements are highly
unlikely under the experimental conditions. As an ad-
ditional test, we replicated a part of Experiment 2
(Section 5), but with a shorter ﬂash duration of 200 ms.
This additional test showed that under the experimental
conditions the results of the 400 ms ﬂashes were highly
similar to those of the 200 ms ﬂashes. Taken together,
the results show that 400 ms ﬂashes can be used without
signiﬁcant eﬀects of eye movements.
In all the experiments below, each stimulus was pre-
sented four times for each subject, and the reported re-
sults were averaged and analyzed for each subject
separately. All the stimuli were presented for 400 ms to
the three control subjects, and they reported normal
perception, describing the stimuli accurately without
eﬀects such as blur, missing patterns, or discontinuity.
4. Experiment 1: Perceptual completion of lines and
gratings
In the ﬁrst experiment we tested the perception of one-
dimensional stimuli, single straight line, and square-wave
gratings, across central retinal scotomas. In particular,
we examined the perceived continuity and contrast of the
stimuli, along their extent. For the gratings, we tested the
eﬀect of bar density on the perceived patterns.
4.1. Method
4.1.1. Subjects
All four subjects (see Section 3) participated in the
experiment.
4.1.2. Stimuli
Stimulation patterns were a 45 diagonal line, and six
45 diagonal square-wave gratings tilted to the right.
The line was white on a dark background, 0.73 width
and 24 length, crossing the scotoma center of each
subject. The gratings consisted of white and dark lines,
covering the entire display (44 of diagonal visual angle).
The gratings had bars density (the density of two adja-
cent white/dark bars) ranging from 0.26 to 3.93 bars/deg
in six step intervals. All subjects could resolve the
grating with the highest bars density in the regions
surrounding their scotoma, except for SF who had dif-
ﬁculties with the highest density gratings. For this rea-
son her results were excluded from the analysis of the
results.
4.1.3. Procedure
Subjects were asked to rate the uniformity of the
perceived stimuli in numbers between zero and ﬁve. Five
represented perfect continuity, for which no diﬀerence
was perceived between the scotoma and the surround-
ings, and zero corresponded to perceived gaps. When a
stimulus was reported as non-uniform, the subject was
asked whether the non-uniformity was in straightness,
contrast or blur (one or more of the three speciﬁed at-
tributes could be selected). Finally, we presented to each
subject a gray background with a disk, consisting of the
1.97 bars/deg grating. It was presented outside the sco-
toma region to verify its detection, and inside the sco-
toma region to test for residual vision inside. The
eccentricity outside the scotoma was always larger than
the eccentricity inside the scotoma.
Table 2
Patients characteristics as usually measured and deﬁned by ophthalmologists
Subject
initials
Age
(years), sex
Diagnosis Visual
acuitya
Scotoma
size (DAb)
Equivalent disk
radius ()
Distance of ﬁxation from
fovea (mm)
Orientation of ﬁxation rela-
tive to fovea
YP 74, M AMDc 20/300 5 6.71 1.8 Vertically above
ZL 69, M AMDc 20/270 3.5 5.61 1.4 Vertically above
GN 72, M AMDc 20/230 3 5.20 1.2 Vertically above & horizon-
tally right
SF 71, F AMDc 20/330 6 7.35 1.8 Vertically above
a Snellen visual acuity in the tested eye.
bDA¼ disc area measured in units of disc with radius of 3 (ophthalmological standard).
cDiscform (central ﬁbrovascular scar) with one constant localized preferred retinal locus (PRL).
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4.2. Results
The results of the three subjects that remained after
excluding SFs results are summarized in Fig. 2.
All subjects detected the small disk when presented
outside the scotoma region, but not inside it (left col-
umn, Fig. 2A–C). Two subjects (GN and ZL, Fig. 2B,C)
reported a small gap (a segment as dark as the back-
ground) along the line. They therefore rated the line
uniformity in the range 0–1. The third subject (YP, Fig.
2A) reported no gap but a dark gray segment along the
line, and his average rated uniformity was 2. In terms of
attributes of the lines non-uniformity, the only reported
attribute was contrast variation, otherwise the line was
rated as straight and uniform.
On the whole, gratings appeared as more uniform and
complete compared with single lines. There was a clear
density eﬀect: as the bars density increased, the unifor-
mity rating increased monotonically. The monotonic
increase of the uniformity rating with the bars density
was signiﬁcant (p6 0:001, Spearman correlation test) for
YP and GN, and was not signiﬁcant (p6 0:1) for ZL. In
terms of attributes, all subjects described that the per-
ceived non-uniformity of the gratings was in contrast
and blur. None of them perceived a gap in the gratings.
The subject whose results were eliminated, SF, had the
largest scotoma with a radius of over 7. For the three
highest densities she was unable to resolve the gratings
inside the scotoma region and reported a ﬁlling-in of
uniform gray region.
To obtain a direct comparison of the ﬁlling-in of large
and central scotomas that we found in this experiment
and artiﬁcial scotomas used in past studies, we tested, as
a control, the limits on the size of artiﬁcial scotomas for
which perceptual ﬁlling-in is obtained. The background
was the same grating pattern used in the main experi-
ment with density of 1.97 bars/deg, and the artiﬁcial
scotoma was deﬁned by a uniform gray square with
luminance identical to the mean luminance of the grat-
ing. A test scotoma subtending 1:4  1:4 at eccentricity
of 9.5 was perfectly ﬁlled-in for the three control sub-
jects (see Section 3). We next tested the scotoma, keep-
ing its size, at the center of the visual ﬁeld. The control
subjects had to ﬁxate at the center of the scotoma using
unlimited viewing time. It was not ﬁlled-in for any of the
control subjects. We ﬁnally enlarged the artiﬁcial sco-
toma at an eccentricity of 9.5 to subtend 7  7 (such a
square is delimited by a circle with radius of 4.95), and
for all control subjects it failed to be ﬁlled-in.
4.3. Discussion
The disk presentation together with the visual ﬁeld
mapping veriﬁed that the subjects had no detectable re-
sidual vision within the scotoma. The results show that
even large central AMD scotomas (up to a radius of 7)
are perceptually ﬁlled-in in a manner that depends on the
surrounding pattern. As indicated by previous studies
and shown in the control test, such large ﬁlling-in in
central vision cannot be achieved for artiﬁcial scotomas.
The non-uniformity eﬀects, reduced contrast and in-
creased blur appearing in the scotoma region, indicate
that the scotoma region is not simply ignored, but ﬁlled-
in in a manner that allows the subjects to make percep-
tual judgments about properties of the perceived patterns
in the scotoma. The continuity of the gratings across the
scotoma suggests that the perceptual completion retains
the orientation of the surrounding patterns. The mono-
tonic increase of the uniformity rating with bars density
shows a clear density eﬀect of the completion process.
The high uniformity rating at the high densities cannot
be predicted by the contrast sensitivity function (CSF) of
normal or AMD observers. The CSF shows a signiﬁcant
decrease at the high frequency range, from about 3 cy-
cles/deg for a normal observer, and from a lower fre-
quency for AMD observers with damaged central vision
(Faye, 1996). The grating with the highest density of 3.93
bars/deg and main harmonic of 3.93 cycles/deg was rated
by all subjects with the highest uniformity. The density
eﬀect therefore appears to reﬂect speciﬁc properties of
the ﬁlling-in process mechanism, which becomes more
eﬀective under the high-density conditions. The diﬀer-
ence between the density eﬀect and the CSF pattern also
provides additional evidence that residual vision was not
involved in the scotoma completion.
In terms of line vs. gratings completion, for all sub-
jects (YP, ZN, GL), the rating of the line was below or
equal to the lowest rating of the gratings. Moreover, its
rating was always below that of gratings with similar
line width.
5. Experiment 2: Perceptual completion of regular dot
patterns
Since Experiment 1 demonstrated a dependency of
perceptual ﬁlling-in on pattern density, we aimed in the
second experiment at ﬁnding whether the dependency is
also observed for two-dimensional pattern density. We
therefore tested the perceptual ﬁlling-in of two-dimen-
sional regular arrays of dots, and its dependency on
array density.
5.1. Method
5.1.1. Subjects
The same four subjects (see Section 3) participated in
the experiment.
5.1.2. Stimuli
Eight dot arrays were presented to each of the four
subjects. The dots radius was kept at 0.3, and the
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density varied between 0.13 and 1.16 dots/deg in seven
step intervals. Regular arrays of circular dots were em-
ployed because we wanted to extend the study in Ex-
periment 1 to non-oriented stimuli, and because it
proved easy for the subject to report missing dots, blur,
and pattern distortion. The dot arrays covered the entire
display (44 of diagonal visual angle).
5.1.3. Procedure
Subjects were ﬁrst asked to report the number of
missing dots (if any) in the regular arrays. They were
then asked (i) if any of the dots appeared more blurred
or with less contrast than the others (yes/no), and (ii)
whether the array appeared entirely regular or distorted
(yes/no and which part). To verify that the subjects
count of missing dots is reliable, we performed a control
test with the control subjects (see Section 3). The test
included several regular dot arrays, with the diﬀerent
densities used in the main experiment, and with a region
of missing dots. All the subjects with normal vision es-
timated the number of missing dots in a short ﬂash of
200 ms with high accuracy for all the densities.
5.2. Results
Fig. 3A shows the number of perceptually missing
dots, as a function of array density, for each of the four
subjects.
Two subjects (YP, GN) reported no missing dots at
high densities, SF reported a monotonic increase in the
number of missing dots as the density increases, and ZL
also reported a monotonic increase except for the
highest density. To test the fraction of missing dots as a
function of density, we normalized the number of
Fig. 2. Uniformity rating for line and gratings, three subjects. The left column shows detection level for a 1.97 bars/deg grating disk having a radius
of 1, in the scotoma region, where ‘‘0’’ corresponds to ‘‘no detection’’, and ‘‘5’’ to ‘‘perfect detection’’. The single line width was 0.73. Abscissa:
grating density, bars/deg, the left two columns are for a disk and line stimuli. Ordinate: uniformity ratings, ‘‘5’’ represents ‘‘perfect continuity’’, and
‘‘0’’ a ‘‘perceived gap’’. The vertical thin bars show the SD of the ratings.
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missing dots by dividing them by the total number of
dots estimated to fall within the scotoma region. Fig. 3B
shows the percentage of missing dots in the scotoma as a
function of array density for each of the four subjects. In
all four cases, there was a signiﬁcant monotonic decrease
in the percentage of missing dots (p6 0:001, Spearman
correlation test).
In terms of the three tested attributes (regularity,
contrast, blur), the dot arrays appeared as geometrically
regular, with reduced contrast and some blur in the
scotoma region. For some low density patterns there
were occasional reports of individual dots that appeared
incomplete. The quantitative results regarding the
missing dots were also supported by pictorial renditions
made by YP and ZL. They drew the perception of re-
peating ﬂashes of the stimulus, observing their drawing
with two eyes and magnifying glass. The produced
drawings appeared to them similar to the their percep-
tion of the patterns brieﬂy presented during the experi-
ment. Fig. 4 shows two dot arrays (upper row) and their
perceived appearance (lower row) drawn by subject ZL
after the four ﬂashes that were required for the rendition
task. In summary, at low densities (0.13 dots/deg, Fig.
4A), dots within the scotoma were perceptually missing.
At high densities (0.58 dots/deg, Fig. 4B) most of the
dots within the scotoma were perceived, some with blur.
5.3. Discussion
The signiﬁcant monotonic decrease of the percentage
of missing dots with array density, and the lack of
missing dots at high densities, suggest the involvement
of a textural ﬁlling-in process that is density dependent.
The eﬃciency of this process increases with density
within the range tested. The high correlation between
diﬀerent reports supports the generality of the phe-
nomenon. Since in the dot arrays, as in the gratings case,
high densities involve high spatial frequencies, the re-
sults of Experiments 1 and 2 together suggest that the
Fig. 3. Number of missing dots (A) and missing dots fraction (B), four subjects. Abscissa: dot density. Ordinate: number of missing dots (A), or
fraction of missing dots (B) in the scotoma region. The thin vertical bars show the SD of missing dots or its fraction, respectively.
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ﬁlling-in process is more eﬀective at the high spatial
frequencies.
6. Experiment 3: Perceptual completion of irregular dot
patterns
Experiment 2 demonstrated density-dependent per-
ceptual completion of a regular dot pattern. It is natural
to also examine the eﬀect of the patterns regularity on
their perceptual completion. Regular dot patterns pro-
vide strong evidence regarding the expected location of
unregistered dots, and they may therefore provide a
stronger basis for perceptual completion compared with
irregular patterns.
6.1. Method
6.1.1. Subjects
The same four subjects (see Section 3) participated in
the experiment.
6.1.2. Stimuli
Two types of dot arrays were used, diﬀering in their
degree of irregularity. The irregularity was controlled by
a parameter d deﬁned below. The arrays were generated
by starting from a regular grid, then shifting each dot
randomly in the x- and y-direction, by a value drawn
from a uniform distribution between d and d, where
06 d 6 100 is measured in percentage of inter-dot dis-
tance. The dots radius was kept at 0.3, and the density
of the regular array was 0.87 dots/deg (with such array,
Experiment 2 showed a high degree of perceptual com-
pletion). Two levels of irregularity were used, d ¼ 26:5%
and d ¼ 79:5%. For the larger d the dot-order was in-
frequently changed by random displacement, but aver-
age density was maintained at 0.87 dots/deg in each
dimension. The two irregular arrays, which were pre-
sented to all subjects covering the entire display (44 of
diagonal visual angle), are shown in Fig. 5A.
6.1.3. Procedure
Unlike Experiment 2, for irregular patterns it is dif-
ﬁcult to estimate the number of missing dots in the
perceived patterns. Subjects were therefore asked to rate
the completion of the patterns on a scale of 0–5, where
0 corresponded to the perception of a gap, and 5 to a
continuous pattern, with no region where the pattern
diﬀered perceptually from the surroundings. In addition
to the completion rating, subjects were asked to report
which of three attributes (contrast, blur, and density)
best characterized the non-uniformity in the perceived
pattern (one or more of the three speciﬁed attributes
could be selected).
6.2. Results
As shown in Fig. 5B, completion ratings for the more
regular arrays (d ¼ 26:5%) were consistently higher than
for the less regular (d ¼ 79:5%). The diﬀerence was
Fig. 4. Illustration of two regular arrays (upper row), and their drawn perception (lower row). The array at the left side is 0.13 dots/deg, and at the
right side is 0.58 dots/deg. The cross denotes the ﬁxation point, and the ellipse in the upper images denotes schematically the scotoma region. The
subject ﬁxated on the cross and the images were ﬂashed in front of him repeatedly.
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signiﬁcant according to the non-parametric Wilcoxon
test (p6 0:05). The subjects gave diﬀerent reports of
the dimension along which the patterns varied; for YP,
the main diﬀerence was an apparent blur of some of the
points, for GN a density diﬀerence, for SF a diﬀerence in
apparent contrast, and for ZL uncertainty in the loca-
tion of some of the points.
6.3. Discussion
The degree of pattern irregularity had a signiﬁcant
eﬀect on the perceived uniformity of the test patterns:
the more regular patterns were consistently ranked as
more uniform in all attributes. For patterns perceived
non-uniformly, the dots within the scotoma diﬀered
from the surrounding regions along several dimensions
including contrast, blur, and density.
7. General discussion
Our study tested perceptual completion across phys-
ical scotoma in the center of the visual ﬁeld using one-
and two-dimensional patterns. It diﬀers from, and ex-
tends, previous studies in several directions: it is the ﬁrst
systematic study of perceptual completion that used
retinal lesions, the scotomas were much larger and more
central than in previous studies, and the set of stimuli
included diﬀerent types of two-dimensional texture
patterns. We will discuss below the results obtained in
our study and their implications to the perceptual
mechanisms involved, in light of these diﬀerences.
The ﬁrst diﬀerence between the current and previous
studies is in the source of visual disruption: our study
used retinal lesions caused by retinal degeneration,
compared with previous studies that relied on the blind
spot or used artiﬁcial scotomas. It is not a priori clear
whether these diﬀerent types of disruption would show
similar or diﬀerent perceptual eﬀects. The blind spot is
a special anatomical feature of the intact visual system
that may be treated in a special way by subsequent
processing. Compared with artiﬁcial scotomas that are
brief and transient in nature, long-lasting retinal lesion
may lead to atrophy in the system, that may prevent
eﬀective subsequent ﬁlling-in processing. The results
provide a clear answer to this question by showing that
Fig. 5. Perception of two irregular dot arrays, having the same average density but diﬀerent levels of irregularity. (A) The two arrays, average density
of 0.87 dots/deg. The left array has an irregularity of 26.5% of average inter-dot distance, the right has 79.5%. (B) Uniformity ratings of the two
arrays, ranging from 0 to 5, where ‘‘0’’ corresponded to a ‘‘gap’’, and ‘‘5’’ to a continuous pattern. The thin vertical bars show the SD of the rating.
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perceptual ﬁlling-in is highly eﬀective across permanent
and extensive retinal lesions. In contrast with artiﬁcial
scotomas (De Weerd et al., 1998; Ramachadran &
Gregory, 1991; Spillmann & Kurtenbach, 1992), the
completion of the scotoma regions was instantaneous,
and the patients did not report any dynamic eﬀects.
The second diﬀerence between the current and previ-
ous studies was in the size and location of the scotoma.
The lesions we studied were much larger, and more
central in the visual ﬁeld compared with artiﬁcial
scotomas used in previous studies. In studies using ar-
tiﬁcial scotomas, ﬁlling-in was not obtained for central
scotomas or suﬃciently large more peripheral scotomas.
De Weerd et al. (1998) showed that a square subtending
1  1 could not be perfectly ﬁlled-in at eccentricity of 2
or less, and that a square subtending 5:6  5:6 (such a
square is delimited by a circle with radius of 3.9) ap-
proaches the upper size limit for ﬁlling-in at eccentricity
of 8. In the control test carried out in Experiment 1 we
found that a square subtending 1:4  1:4 cannot be
ﬁlled-in at the center of the visual ﬁeld, and that a square
subtending 7  7 (delimited by a circle with radius of
4.95) cannot be ﬁlled-in at eccentricity of 9.5. Based on
this and previous data, one would expect the lesions
used in this study to be far too large to allow eﬀective
ﬁlling-in processes. On the other hand, physiological
studies in the monkey demonstrated massive long-term
reorganization of V1 cortex following retinal lesion
(Gilbert & Wiesel, 1992). The anatomical results raise
the possibility that the cortical rearrangement may allow
the system to perform eﬀective ﬁlling-in over larger re-
gions. The results of our study strongly support this
possibility, since we found ﬁlling-in of one- and two-
dimensional patterns over central scotoma with radius
as large as 7 of visual angle.
In terms of the brain mechanisms involved, ﬁlling-in
over such a range is unlikely to be limited to the V1
receptive ﬁeld expansion reported in primates, since the
size of the scotoma in central vision requires, using
magniﬁcation factors for humans (Tootell & Hadjikh-
ani, 2001; Engel, Glover, & Wandell, 1997; Sereno et al.,
1995), interconnections spanning about 35–40 mm in
V1, from the scotoma border to its center. The long-
range connections, probably mediating the receptive
ﬁeld expansion (Gilbert & Wiesel, 1992), span in mon-
key V1 8 mm or less, whereas human V1 columns are
only about twice the size of the macaques V1 columns
(Cheng, Waggoner, & Tanaka, 2001). One possibility is
that the ﬁlling-in process is mediated by a cascade of
long-range interactions, proposed by Polat and Sagi
(1994). This cascade of long-range interactions might be
accompanied by feedback from higher cortical areas
(Crist, Li, & Gilbert, 2001; Das & Gilbert, 1999). It is
interesting to observe in this regard that De Weerd et al.
(1998) related the limitation on the size at which an
artiﬁcial scotoma can be ﬁlled-in to the limited span of
the lateral connections. This limitation appears to apply
to artiﬁcial, but not to physical scotomas.
The third diﬀerence between the current and previous
studies was in the use of diﬀerent linear and two-
dimensional patterns, and the systematic testing of dif-
ferent pattern densities. This diﬀerence in testing is
linked to our use of central rather than peripheral
scotomas: in peripheral scotomas perception is much
more limited and it is diﬃcult for subjects to carry out
tasks such as counting and reporting missing dots, or
judging the degree of pattern uniformity. The main re-
sult from using these patterns was that ﬁlling-in im-
proves substantially with the density (within a wide
range) and regularity of the presented patterns. For
linear patterns, the perceptual uniformity in the scotoma
region increased with density. For two-dimensional dot
patterns, perceived uniformity increased with the density
and regularity of the patterns. These results have several
theoretical and possible practical implications. A natu-
ral question in the study of ﬁlling-in phenomena is
whether the perceived patterns are indeed ﬁlled-in by the
visual system, or perhaps the missing input is somehow
ignored by the system, without involving active com-
pletion. The results using our range of stimuli provide
new support for the active completion view. First, the
uniformity of the perceived patterns, including their
continuity, contrast, and blur, is dependent upon pat-
tern properties such as density and regularity. This re-
sult is more compatible with the active ﬁlling-in view
compared with simply ignoring the missing pattern,
since the ignoring view precludes perceptual judgments
in the missing region. Second, under some conditions,
such as isolated lines, sparse or irregular patterns, per-
ceptual discontinuity in the scotoma region is reported.
This is again more compatible with the ﬁlling-in view
that may fail under some conditions to be complete,
leaving perceivable gaps.
The results with the diﬀerent two-dimensional stimuli
also place constraints on the mechanisms involved in the
ﬁlling-in process, and suggest that they involve mecha-
nisms beyond simple and complex V1 units. Units in
primary visual cortex respond primarily to simple ori-
ented stimuli such as bars and edges. A network of such
units could account for the perceptual completion of
lines, edges, and gratings. However, we also found
eﬀective ﬁlling-in for two-dimensional texture patterns,
including, for example, sparse and regular dot patterns
that are ineﬀective stimuli for V1 units. The ﬁlling-in of
these two-dimensional patterns appears to be higher-
order, and to depend on the degree to which the pattern
is perceived as a uniform textured surface, as opposed to
a collection of unrelated micro-patterns.
Finally, the results also raise the possibility of using
special image enhancement methods for the beneﬁt of
low-vision patients. For example, the density, regularity,
and uniformity of visual features could be manipulated
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to promote eﬃcient ﬁlling-in across the central scotoma.
This can be implemented in an apparatus that will help
low-vision patients to watch TV, look around and read.
We carried out initial observation with 70 AMD
patients using images manipulated in this manner. Ini-
tial results indicated that the modiﬁed images are better
perceived and preferred by AMD patients, raising the
possibility of systematic image manipulation that could
improve pattern visibility for AMD patients.
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